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Endoplasmic reticulumThe amount of Ca2+ taken up in the mitochondrial matrix is a crucial determinant of cell fate; it plays a
decisive role in the choice of the cell between life and death. The Ca2+ ions mainly originate from the inositol
1,4,5-trisphosphate (IP3)-sensitive Ca2+ stores of the endoplasmic reticulum (ER). The uptake of these Ca2+
ions in the mitochondria depends on the functional properties and the subcellular localization of the IP3
receptor (IP3R) in discrete domains near the mitochondria. To allow for an efﬁcient transfer of the Ca2+ ions
from the ER to the mitochondria, structural interactions between IP3Rs and mitochondria are needed. This
review will focus on the key proteins involved in these interactions, how they are regulated, and what are
their physiological roles in apoptosis, necrosis and autophagy. This article is part of a Special Issue entitled:
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Intracellular Ca2+ signals set up and/or regulatemultiple important
processes. The formation of the correct spatio-temporal Ca2+ signals is
dependent on an extensive cellularmachinery named the Ca2+ toolkit,
which includes the various cellular Ca2+-binding and Ca2+-transport-
ing proteins, which are present mainly in the cytosol, plasma
membrane, endoplasmic reticulum (ER) and mitochondria [1].
While the role of the ER (and in myocytes, also of the sarcoplasmic
reticulum, SR) as a physiologically important Ca2+ store was already
universally recognized, a similar role for the mitochondria was for a
long time still debated upon. Ca2+ ions could be taken up by
mitochondria and accumulate in the mitochondrial matrix [2,3] but
the cellular signiﬁcance of this process remained unclear. Moreover,
evidence for a low-afﬁnity Ca2+-uptake system made the physiolog-
ical role of themitochondria in Ca2+ handling evenmore questionable
(reviewed in [4]). It was therefore thought that loading of the
mitochondria with Ca2+ primarily occurred under non-physiological
or even pathophysiological conditions in which the cytosolic Ca2+
concentration was elevated well-above normal values [5,6]. This
mechanism would then mainly serve to protect the cell from a
detrimentally high cytosolic Ca2+ concentration.In fact, the important role of mitochondria as bona ﬁde Ca2+ stores
that can take up Ca2+ under physiologically relevant conditions and
so affect normal cellular Ca2+ handling is only generally recognized
since the seminal work of Rizzuto and colleagues in the early nineties
[7]. By using mitochondria-targeted aequorin these authors demon-
strated that inositol 1,4,5-trisphosphate (IP3)-induced Ca2+ release
(IICR) could in fact efﬁciently be transmitted to the mitochondrial
matrix. Such efﬁcient transfer can occur in spite of the low Ca2+
afﬁnity of the mitochondrial transport systems when IICR occurs very
close to the mitochondria so that a local microdomain with a
relatively high Ca2+ concentration is created near the mitochondria
[6,7]. Comparative experiments indicated that the Ca2+ concentration
in these microdomains reached at least 16 μM [8]. More recently, the
same group succeeded in measuring directly the local Ca2+ concen-
tration at the ER–mitochondria interface. For these measurements,
they used ratiometric pericams, including a low-afﬁnity version,
inserted in an artiﬁcial ER–mitochondria linker; in such experiments
they conﬁrmed the locally high Ca2+ concentration at the interface
[9]. Similar results were also obtained with a cameleon-derived Ca2+
indicator, D1cpv, having a dynamic range between 1 and N100 μMand
engineered to be expressed at the cytosolic side of the mitochondria
[10]. In addition, the latter study demonstrated that these micro-
domains, termed hot spots, were smaller than 1 μm2 and encom-
passed about 10% of the mitochondrial surface.
It is now known that the mitochondrial Ca2+ concentration is a
crucial factor, not only for regulating mitochondrial function, but also
for determining cellular fate, including life or death decisions. The ﬁrst
aim of this review therefore is to provide a state-of-the-art view on
the factors that determine the transfer of Ca2+ from the IP3-sensitive
Ca2+ stores to the mitochondrial matrix. The second aim is to
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concentration and the energy status of the cell, are implicated in the
initiation and development of cellular processes such as apoptosis,
necrosis and autophagy.
2. Mitochondrial Ca2+ handling
Ca2+ uptake in the mitochondria is driven by the large electro-
chemical gradient (ΔΨm=−180 mV) between the inside and outside
of energized mitochondria. The uptake of the Ca2+ ions into the
mitochondrial matrix implies the crossing of twomembranes, ﬁrst the
outer mitochondrial membrane (OMM) and subsequently the inner
mitochondrial membrane (IMM). The intermembrane space, consist-
ing of a peripheral space and an intracristae space, is the aqueous
compartment located between both these membranes. As discussed
below, different transport systems are responsible for the transfer of
the Ca2+ ions across OMM and IMM.
2.1. Ca2+ transfer across the OMM
TheOMMwas previously thought to be freely permeable for ions and
smallmolecules, but now it is clear that the so-called voltage-dependent
anion channels (VDAC) are major regulators of the various ion and
molecule ﬂuxes across this membrane, including the Ca2+ ﬂuxes [11].
In Mammalia, three VDAC isoforms are expressed, of which VDAC1 is
themost abundant inmost cell types. Its structure as determined byNMR
and X-ray crystallography consists of a 19-stranded β-barrel forming a
pore with an inner diameter of about 1.5×1 nm and an N-terminal
α-helix located in the pore [12]. Howmuch this structure corresponds to
thenative structure is however still amatter of debate [13,14]. As themain
functionofVDAC is assumed tobe thegateway forATPandmetabolites, its
“open” or “closed” states are deﬁned with respect to those molecules.
Combination of biochemical and biophysical data indicated the existence
of various states of the channel, including an open state with a pore
diameter of about 3 nm that allows ﬂux of ions (preferentially anions),
ATP and other metabolites, and a closed state with a pore diameter of
about 1.8 nm. The latter is essentially impermeable to ATP and has a
reduced permeability to organic anions, but demonstrates a selectivity in
favor of cations [13]. The characteristics and the role of VDAC in Ca2+
uptake in the mitochondria were analyzed in planar bilayers, liposomes,
and isolated mitochondria [11]. Moreover, it was demonstrated that the
transient overexpression of VDAC in various cell types led to an increased
Ca2+ concentration in themitochondria, leading to a higher susceptibility
for ceramide-induced cell death [15].
VDAC is a central player in the control of the cross-talk between
cytosol and mitochondria, and not only regulates the metabolic and
energetic functions needed for cell survival and cell proliferation but
is also involved in the control of cell death. VDAC is implicated in the
induction of apoptosis by various stimuli and also its overexpression
leads to apoptosis (reviewed in [12]).
The permeabilization of the OMM is a crucial step in apoptosis;
how this is exactly performed is not yet clear, but there is a require-
ment for proteins belonging to the B-cell CLL/lymphoma-2 (Bcl-2)-
protein family [16,17]. The various members of this family are
important regulators of apoptosis whereby some, like Bcl-2 and Bcl-
Xl, protect against apoptosis, while others, like Bax and Bak are
essential for apoptosis induction [16,18] (see also Section 5.1). Several
of the Bcl-2-family proteins can directly affect the permeability of the
OMM, e.g. by binding to VDAC and regulating its properties or by
forming multimeric channel complexes. Independently of the mech-
anism by which the increase in permeability of the OMM is achieved,
it allows the release of the apoptogenic factors present in the
intermembrane space to the cytoplasm and consequently the further
progression of apoptosis [12,17,19,20].
OMMrupture, and thus release of those apoptogenic factors, can also
occur subsequently to a long-lasting increase in IMM permeability,profoundlydisruptingmitochondrial function [21] (seealsoSection3.2).
This sudden increase in IMM permeability, also called permeability
transition, is supposedly due to the opening of a permeability transition
pore (PTP), themolecular nature of which is however still unresolved; a
role for VDAC in the PTP has been proposed, but this is still highly
controversial [12,21,22]. An important point hereby was the demon-
stration that themitochondrial permeability transitionwas not affected
by the genetic ablation of any or all of the 3 VDAC isoforms [23].
2.2. Ca2+ transfer across the IMM
In contrast to the Ca2+-transport systems of the OMM, those of the
IMM are poorly characterized. For a long time, the main IMM Ca2+-
transport system was named the mitochondrial Ca2+ uniporter, but it
was not clear whether it represented a channel or a carrier. Addi-
tionally, a so-called rapid mode of mitochondrial Ca2+ uptake was
described, the nature of which was also not known, and which may in
fact just represent a particular state of the uniporter [24].
Since the original functional experiments describing the uniporter,
it appeared that several Ca2+ channels and/or carriers may be
involved in Ca2+ uptake into the mitochondrial matrix (reviewed in
[24,25]). Three different highly Ca2+-selective channels that may
contribute to this process were electrophysiologically characterized,
i.e. MiCa [26], mCa1 and mCa2 [27]. Two of these channels, MiCa and
mCa1, have properties compatible with the uniporter and may
represent species- and/or cell type-dependent variability [24]. mCa1
and mCa2 however differ in their biophysical properties and it has
been hypothesized that they correspond to uptake systems facing
respectively the ER and the plasma membrane [24].
At the molecular level, the mitochondrial Ca2+-uptake channels are
not yet identiﬁed, but evidence for a role of a number of proteins, as e.g.
the uncoupling proteins 2 and 3 [28], has been presented. Also a
mitochondrial ryanodine receptor (RyR) localized in the IMM has been
proposed to participate inmitochondrial Ca2+ uptake [29]. The putative
role of the uncoupling proteins 2 and 3 and of a RyR is however still
controversial, and further work will be needed to deﬁnitively elucidate
the molecular identity of the channels or carriers involved [25]. Fur-
thermorewhether and how the IMM-located Ca2+ transporters interact
with those of the OMM, and which other associated proteins may be
involved, is yet not understood [24]. In that respect, it is important to
mention the recent description of an IMM Ca2+-binding protein named
MICU1 that is essential formitochondrial Ca2+uptake; it is however not
known whether it is actually a Ca2+ channel, a Ca2+ buffer or a Ca2+-
dependent regulatory protein acting as Ca2+ sensor on one or more of
the channels described above [30].
In addition, the IMM contains also other proteins involved in Ca2+
transport (Ca2+/Na+ and Ca2+/Ha+ exchangers). Their main role is
probably to export Ca2+ from thematrix, but theymay also contribute
to Ca2+ uptake under certain conditions [24].
Finally, the PTP is a channel of still unknown nature also localized in
the IMM [31]. It is voltage and Ca2+ dependent and is sensitive to
cyclosporine A. It is not a selective Ca2+ channel as the open con-
formation of the PTP has a high conductance for all ions, including Ca2+,
and for small molecules up to 1500 Da [21]. Short-time openings may
have a physiological function but its long-time activation leads to the
demise of the cell, either by apoptosis or else by necrosis, depending on
whether PTPopening occurs in only a small fraction of themitochondria
or in all of them [21,32].
3. Mitochondrial Ca2+ function
3.1. Physiological functions of Ca2+ uptake in the mitochondria
The ﬁrst role assigned to the Ca2+ ions taken up into the mito-
chondrial matrix was the stimulation of the mitochondrial ATP
production since the activities of three dehydrogenases of the Krebs
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ketoglutarate dehydrogenase) or indirect (pyruvate dehydrogenase)
manner [4,33]. Interestingly, agonist-induced Ca2+ release can lead to a
priming of the mitochondria, resulting in an increased ATP production
after return of the mitochondrial Ca2+ concentration to normal values
[34]. Furthermore, also other mitochondrial processes as fatty-acid
oxidation, amino-acid catabolism, F1-ATPase activity, manganese
superoxide dismutase, aspartate and glutamate carriers and the
adenine-nucleotide translocase are regulated by mitochondrial Ca2+
[12,33,35].
As the ATP produced by the mitochondria is subsequently
transferred to the cytosol (see Section 2.1), mechanisms that control
ATP production will not only affect overall cell life, but also more
speciﬁcally regulate the activity of ATP-sensitive proteins localized in
the close vicinity of the mitochondria. Interestingly, two major
proteins involved in cellular Ca2+ handling, the sarco- and endoplas-
mic-reticulum Ca2+-ATPases (SERCA) and the IP3Rs, are stimulated by
ATP. Moreover, IP3R isoforms are differently sensitive to ATP [36–38].
The bi-directional relation between Ca2+ release and ATP production
allows so for a positive feedback regulation of the signals under
conditions of cell activation by agonists. Recently, it was shown that
agonists such as cholecystokinin, acetylcholine and bombesin led to a
fast increase in ATP consumption in pancreatic acinar cells, a well-
documented cellular model for the study of Ca2+-handling mecha-
nisms. Interestingly, this effect was overcompensated by the
simultaneous Ca2+-dependent increase of the mitochondrial ATP
production [39].
The uptake of Ca2+ in the mitochondria will also affect Ca2+ sig-
naling at both the local and the global level. Assuming themicrodomain
concept [7,40], the local Ca2+ concentration will depend on both the
amount of Ca2+ released by the IP3R and that taken up by the
mitochondria. This will in turn depend on the efﬁciency of the coupling
between both. Functionally, mitochondria behave heterogeneously,
which is at least in part due to an existing heterogeneity in coupling
between the ER and mitochondria [6,9]. The coupling between
mitochondria and the ER does not only determine the amount of Ca2+
taken up by the mitochondria but also controls the amount of Ca2+
available for reﬁlling of the ER, and so the spatio-temporal character-
istics of the subsequent Ca2+ signals [41]. Moreover, as IP3Rs are
themselves sensitive to Ca2+ (see Section 4.1), the control of the local
Ca2+ concentration by the mitochondria will impact on their activity
and therefore on the characteristics of the Ca2+ signals. Importantly, the
mitochondria do not only control local Ca2+ concentration but are also
an important source of reactive oxygen species (ROS) produced during
oxidative phosphorylation. ROS can locally affect other systems,
including Ca2+-signaling mechanisms, and in pancreatic acinar cells
ROS production appeared important for the occurrence of cholecysto-
kinin-induced Ca2+ oscillations [42].
The way in which the Ca2+ signals are affected will therefore differ
between cell types, depending on many factors (e.g. the subcellular
localization of the mitochondria, ROS production, the local Ca2+ level,
the IP3R isoform expressed near the mitochondria) and may as well
involve stimulation as inhibition of the signals [6,43–46]. Furthermore,
the connection between mitochondria and the ER can be highly
dynamic as the local Ca2+ concentration can also affect mitochondrial
motility and ER–mitochondria associations in various ways [47]. As the
mitochondrialmotility is inhibited byCa2+ levels in the lowmicromolar
range, it means that mitochondria will be trapped in the neighborhood
of active Ca2+-release sites, allowing for amore efﬁcient uptake of Ca2+
in themitochondria and therefore an increased ATP production [48,49].
In some conditions, the presence of mitochondria can completely
block the further propagation of a Ca2+ signal through the cytoplasm.
In pancreatic acinar cells, the mitochondria serve as efﬁcient ﬁrewalls,
absorbing cytosolic Ca2+ signals. As a result, the propagation of the
Ca2+ signal will therefore be limited to the apical pole of the cell and
will be prohibited from entering the nucleus [50,51].Finally, mitochondria may play an even more active part in Ca2+
signaling since the Ca2+ ions propagate through the mitochondrial
network, allowing for mitochondrial release of Ca2+ at a distance of
the original uptake site. The Ca2+ ions that are released can in turn
affect speciﬁc downstream targets, including obviously proteins from
the Ca2+ toolkit. An interesting ﬁnding hereby was the observation
that isolated mitochondria can propagate Ca2+ signals over hundreds
of micrometers [52].
In conclusion, multiple reciprocal interactions between the ER and
mitochondria exist. Therefore, Ca2+ uptake in the latter not only
affects the energy state of the cell via regulation of ATP production, but
also, through changes in both local ATP and Ca2+ concentrations, has
further-reaching effects on cellular signaling and cellular behavior.
3.2. Mitochondrial Ca2+ overload
Although Ca2+ uptake in the mitochondria is crucial for vital cell
functions, there exists a risk of mitochondrial Ca2+ overload, which
may result in the induction of cell death. At high concentration, Ca2+
supports opening of the PTP in the IMM [21,22]. The PTP in the open
conﬁguration has an apparent pore diameter of 3 nm [21], which
leads to the release of ions (incl. Ca2+) and metabolites (incl. ATP),
mitochondrial depolarization, ROS production, cessation of oxidative
phosphorylation followed by ATP hydrolysis, matrix swelling due to
osmotic forces, remodelling of the IMM, and ﬁnally rupture of the
OMM [32]. The latter leads to the subsequent release of various
apoptogenic factors, as cytochrome C, apoptosis-inducing factor,
Smac/Diablo, HtrA2/Omi and endonuclease G, from the intermem-
brane space to the cytosol [17]. These apoptogenic factors will then
activate executioner caspases, as caspase-3 and caspase-7, and lead
the cell into the execution phase of apoptosis. After the cessation of
the Ca2+ signal, the PTP can close again, allowing recovery of
mitochondrial metabolism and production of ATP, needed for the
later stages of the apoptotic pathway [53]. Permeabilization of the
OMM, however, is considered as the decisive event in the develop-
ment of cell death [54]. It should be pointed out that PTP opening may
ultimately also lead to necrosis, and the border between apoptotic and
necrotic cell death is quite diffuse [55].
There are two pathways that can lead to apoptosis, the intrinsic and
the extrinsic pathway, both converging on the activation of the
executioner caspases [17]. The permeabilization of the OMM plays a
crucial role in the intrinsic apoptotic pathway that is initiated in
mitochondria in response to different stress stimuli. The OMM,
however, also plays a role in the extrinsic apoptotic pathway, activated
via death receptors, as in some cell types caspase-8-mediated cleavage
and translocation to the mitochondria of the pro-apoptotic Bcl-2-
family protein member Bid will also lead to OMM permeabilization
[12,17].
Taken together, the preceding indicates that mitochondria have a
central role in apoptosis, acting as both initiators and accelerators of
the process, and thatmitochondrial Ca2+ overload is hereby one of the
triggering factors.
4. Coupling mechanisms between the IP3-sensitive Ca2+ stores of
the ER and the mitochondria
The amount of Ca2+ ions transferred from the ER to the mito-
chondria after activation of the IP3R will not only depend on the
activity of the IP3R but will also be primarily determined by the
coupling efﬁciency, i.e. the distance between the mouth of the IP3R
and that of the uptake system in the OMM, presumably VDAC1 (see
Section 2.1).
The majority of the IP3Rs are localized on the ER, with smaller
amounts at the Golgi apparatus and the plasma membrane.
Localization along the ER includes the nuclear envelope but the
distribution is not necessarily homogeneous [56,57]. Previous work
Fig. 1. IP3R–mitochondria connection under normal physiological conditions. Structural
coupling between the ER in general and the IP3-sensitive Ca2+ stores in particular and
the mitochondria ensures that the Ca2+ ions (red dots) released by the IP3R are
efﬁciently transferred to the mitochondria. These Ca2+ ions are essential for
mitochondrial function, including the regulation of the ATP production. Abbreviations
are as in the text, except for AnkB (ankyrin B), CNX (calnexin), CRT (calreticulin), Cyt C
(cytochrome C), MCU (mitochondrial Ca2+ uniporter), MFN (mitofusin) and Sig-1R
(sigma-1 receptor). Full black arrows indicate Ca2+ ﬂux, dashed black arrows indicate
physiological consequence, dashed green arrows indicate stimulation.
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involved in cellular Ca2+ homeostasis like the SERCA-type Ca2+
pumps and Ca2+-binding proteins like e.g. calreticulin) can, depend-
ing on the cell type, be concentrated at speciﬁc localizations along the
ER including the near vicinity of mitochondria [57–59].
Speciﬁc membranes, the mitochondria-associated ER membranes
(MAMs), were originally described as sites for lipid synthesis and lipid
transfer between ER andmitochondria [60]. TheseMAMs are however
also ideally suited for other exchange processes between these two
organelles, including Ca2+ exchange [35]. The interaction areas
represent about 12% of the OMM area and experimental evidence
indicated a distance between ER and mitochondria between 6 and
16 nm in the case of the smooth ER and between 19 and 30 nm in the
case of the rough ER [61]. Moreover, the distance can depend on the
physiological conditions, and a decreased distance between ER and
mitochondria makes the mitochondria more prone to Ca2+ overload
and the cells more susceptible to apoptosis [61]. If the distance
becomes too small, Ca2+ transfer to the mitochondria is however
compromised again, probably because of space constraints that
prohibit the presence of large proteins, as the IP3R (see Section 4.1),
at those contact sites [9].
Themitochondrial structure is very heterogeneous, and is moreover
cell-type and developmental-stage dependent, ranging from small
isolated units to vast networks [62]. In addition, mitochondria are
dynamic, mobile elements subject to complex processes of fusion and
ﬁssion. A number of GTPases as dynamin-related protein 1 (Drp1) (see
also Section4.2) and themitofusins (see also Section4.3) are involved in
these processes [63,64].
The functional interaction between the IP3R and the mitochondria
will therefore depend on structural contacts. Given the highly
dynamic structure of ER and mitochondria, and the importance of
precisely controlling the Ca2+ transfer to the mitochondria, it is
important to understand which mechanisms are responsible for
controlling this association. The available evidence indicates that the
associations between the ER and mitochondria are normally stable
over time [65] but sensitive to proteases [61]. We will discuss
succinctly a number of proteins that may be involved in these
associations (Fig. 1). Obviously, the list is not yet closed, and ER–
mitochondria interactions could also depend on the microtubular or
the actin network [62], or on other proteins interacting with either the
IP3R or VDAC.
4.1. IP3R
A key player is the IP3R, themain Ca2+-release channel in the ER of
most cell types. The IP3R forms a tetrameric structure consisting of 4
subunits of about 310 kDa (i.e. about 2700 a.a.). In Mammalia, three
genes encode for IP3Rs (IP3R1, IP3R2 and IP3R3) and splicing events
and the formation of homo- and heteromeric channels allows for even
more diversity [56,66,67]. The tetrameric IP3R forms a large structure
and high-resolution cryo-electron-microscopy experiments indicated
a total height of 23 nm for the IP3R1, which is for 75% accounted for by
the large cytoplasmic domain [68].
IP3 is the physiological activator of all IP3R isoforms, though they
vary in their afﬁnity for this ligand [36]. Depending on its con-
centration, Ca2+ has both stimulatory and inhibitory effects on IICR
[69–72]. In agreement herewith, the 3-dimensional structure of the
tetrameric channel appears highly dependent on the local Ca2+
concentration [73,74]. In view of their important effects on IP3R
opening, IP3 and Ca2+ are therefore considered as co-activators of the
IP3R, while further modulation is performed by ATP, protein kinases
and phosphatases and regulatory proteins [67,75–77].
Finally, IP3R activity can also be regulated by compounds
speciﬁcally localized at the ER–mitochondria interaction sites. In
GM1-gangliosidosis, a neurodegenerative disease, GM1-ganglioside
accumulates in brain within the MAMs, where it speciﬁcally interactswith phosphorylated IP3R1. This interaction may lead to IP3R1
clustering and increased IICR [78].
To allow transfer of Ca2+ ions from the ER to themitochondria, it is
important that IP3Rs are localized very close to the mitochondrial
uptake sites. As there exist different IP3R isoforms, an important point
to take into consideration is whether interaction with the mitochon-
dria represents an isoform-speciﬁc behavior [79]. A study in CHO cells
indicated that although IP3R3 is the least expressed isoform, its
silencing had themost profound effects onmitochondrial Ca2+ signals
as well as on apoptosis [80]. This correlates with the observation that
IP3R3 is in these cells also the isoform with the highest degree of co-
localization with the mitochondria. A similar result was obtained in
HEK293 cells [80], though this does not necessarily represent a
general rule as in e.g. astrocytes IP3R2 was found to preferentially co-
localize with the mitochondria [81]. This may be related to differences
in relative expression levels of the various IP3R isoforms and their
subcellular localization among different cell types [57]. Moreover, the
intracellular distribution of the various IP3R isoforms depends on
physiological conditions [82] and differentiation status [83], which
may affect their interactions with mitochondria, the subsequent Ca2+
signals and apoptosis induction.
4.2. Phosphofurin acidic cluster sorting protein 2 (PACS-2)
The PACS proteins form a family of proteins involved in protein
sorting in multicellular organisms [84].
siRNA-mediated knockdown of PACS-2, but not of the related
PACS-1, caused fragmentation of the mitochondrial network and a 2-
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mitochondria uncoupling did not affect the integrity of the mito-
chondria as the electrochemical gradient remained intact. Moreover,
ER levels of the Ca2+-binding chaperone protein BiP and histamine-
induced Ca2+ release to the cytosol increased 2-fold.
The fragmentation of the mitochondrial network was apparently
related to the cleavage of the ER-cargo receptor BAP31. How PACS-2
depletion regulates BAP31 cleavage is not clear, but it is known that
during apoptosis BAP31 is cleaved by caspase-8, leading to the
formation of the so-called p20 fragment. The latter co-localizes with
the ER Ca2+-binding protein calreticulin and increases Ca2+ release
from the ER. The subsequent Ca2+ uptake in themitochondria leads to
the recruitment of the Drp1 GTPase that induces scission of the OMM
and subsequent ﬁssion of the mitochondria [86].
In addition, PACS-2 may also recruit other Ca2+-handling proteins
to the MAMs, including calnexin and TRPP2 [87,88]. These results
suggest therefore a more complex function for PACS-2 than mere
protein sorting; it may also control the morphology of organelles. The
exact role of PACS-2 in the regulation of Ca2+ transfer from the ER to
the mitochondria remains to be further investigated.
4.3. Mitofusins
In addition to the already mentioned Drp1, mitofusin 1 and
mitofusin 2 are two other dynamin-related GTPases acting on
mitochondria. Mitofusin 2 is enriched at contact sites between the ER
and mitochondria and its absence in mitofusin-2 knockout ﬁbroblasts
changes not only the morphology of the ER but also decreased by 40%
the interactions between ER and mitochondria [89]. Mitofusin 2 on the
ER appeared to link the two organelles together; the connection
depended on the interaction of the ERmitofusin 2with eithermitofusin
1 or mitofusin 2 on the OMM (Fig. 1). Moreover, the diminished
interaction observed in the absence of mitofusin 2 affected the transfer
of Ca2+ signals to themitochondria. Thismay contribute to the Charcot-
Marie-Tooth neuropathy type 2a in which missense mutations occur in
mitofusin 2 [89,90]. A too strong ER–mitochondria interaction, and the
consequently better Ca2+ transfer between the both organelles, may
also be detrimental as overexpression of mitofusin 2 led to apoptosis in
vascular smooth-muscle cells [91].
4.4. Sigma-1 receptor
Sigma receptors are targets for some neurosteroids and have a
high binding afﬁnity for several drugs (including, but not limited to,
psychotomimetic benzomorphans, phencyclidine, cocaine, amphet-
amine, and certain neuroleptics). Based on their biochemical and
pharmacological properties, two subclasses, sigma-1 and sigma-2
receptors, are distinguished; however, only the sigma-1 receptor was
cloned and consequently much less is known on the sigma-2 receptor
[92,93].
The sigma-1 receptor is involved in many physiological functions
including multiple neuronal functions. The protein has also been
implicated in several neuronal and non-neuronal pathological condi-
tions [93]. Both sigma-1 and sigma-2 receptors are upregulated in a
wide variety of tumor cell lines [94]. Sigma-1-receptor agonists
promote cell survival while its antagonists promote cell death, while
activation of the sigma-2 receptor promotes apoptosis. At least some
of these effects are mediated by changes in the expression levels of
anti-apoptotic or pro-apoptotic Bcl-2-family members although the
underlying mechanisms are not yet known [93].
Sigma-1 receptors are especially enriched at the contact sites
between the ER and mitochondria [95]. Immunoprecipitation experi-
ments indicated a speciﬁc interaction between the Ca2+-binding
chaperone BiP and the sigma-1 receptor [95]. This interaction depends
on the Ca2+ concentration in the ER, and a decrease in luminal Ca2+
concentration (e.g. as occurring during IICR or ER stress) leads to adissociation of the two proteins. After dissociation, both BiP and the
sigma-1 receptor become active chaperones and the upregulation and
redistribution of the latter after ER stress contribute to cell protection
against apoptosis.
The sigma-1 receptor regulates several types of ion channels,
including IP3Rs [93]. Agonists of sigma-1 receptors could consequent-
ly potentiate bradykinin-induced Ca2+ release in the neuroblastoma ×
glioma NG108 hybrid cells [96]. An interaction between the sigma-1
receptor, the cytoskeletal protein ankyrin B and IP3R3, the predom-
inant IP3R isoform in these cells, was demonstrated [97]. In CHO cells,
the sigma-1 receptor also interacted with IP3R3, but in contrast to the
NG108 cells, ankyrin was not observed in the complex. In agreement
with these data, a speciﬁc role was found for the sigma-1 receptor as
chaperone acting on the IP3R3, present at the ER–mitochondria
contact sites, and therefore regulating ER-to-mitochondria Ca2+
ﬂuxes [95].
These results indicate an important role for the sigma-1 receptor in
the regulation of both IICR in general and of Ca2+ uptake in the
mitochondria in particular, whereby several other proteins (BiP,
ankyrin B, and IP3R isoform) can play a role in determining the exact
cell biological effect (Fig. 1).
4.5. Glucose-regulated protein 75
Glucose-regulated protein 75 (grp75), also named mortalin or
mthsp70, belongs to the Hsp70 family of chaperones, but can itself not
be induced by heat shock [98,99]. Grp75 can bind tomultiple partners,
including other chaperones. It not only has a chaperone function in
the ER, but is also localized in the mitochondrial matrix where it
participates in protein import through the IMM and correct folding of
mitochondrial proteins. It is also found in cytoplasmic vesicles and in
the cytosol itself where it can perform multiple functions, including
participation in the trafﬁcking of proteins, the internalization of
receptors and p53 regulation [98]. Grp75 is upregulated in various
tumors and is believed to play an important role in the control of
cellular proliferation and in stress response [99].
An interesting ﬁnding was that grp75 can couple the ER-localized
IP3R to the mitochondria-localized VDAC1 [100]. Moreover, grp75
does not only induce a physical coupling of the proteins, but also
allows for a better transfer of the Ca2+ ions from the ER to the
mitochondrial matrix. A similar effect was obtained by expression of a
mutant grp75 in which the ﬁrst 51N-terminal amino acids (containing
the mitochondria-targeting sequence) were deleted, excluding that
the effect is due to its mitochondrial function. Moreover, the increased
Ca2+ signals in the mitochondria were not due to an increased ER–
mitochondria contact area.
Taken together, these data indicate that grp75 is probably not the
main determinant for the ER–mitochondrial linkage, but it controls
the interaction between IP3R and VDAC1 (Fig. 1), and so regulates the
Ca2+ ﬂux between the ER and mitochondria.
5. Regulation of IP3-sensitive Ca2+ release by
mitochondrial proteins
More than 50 different proteins can interact with and regulate the
IP3R, including a number of proteins involved either in the protection
against apoptosis or in its promotion. These include a variety of
proteins such as caspase-3 [101,102], G-protein-coupled receptor
kinase-interacting proteins [103], protein kinase B [104,105], Bcl-2
and related family members [106–109], and cytochrome C [110]. We
will focus in this section on the latter two, as these proteins are in
healthy cells not only expressed in the cytosol but also targeted to
both the mitochondria and ER (Bcl-2-family members) or exclusively
to the mitochondria (cytochrome C), demonstrating another level of
interaction between the ER and mitochondria in the control of Ca2+
signals.
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Bcl-2 is the prototype of a large family containing both anti- and pro-
apoptotic proteins. The anti-apoptoticmembers of this family, including
Bcl-2 itself, are characterized by the presence of 4 Bcl-2-homology (BH)
domains (BH1 to 4). The pro-apoptotic members either have 3 BH
domains (BH1 to 3) as e.g. Bax and Bak, or a single BH3 domain, as e.g.
Bim, Bid and Bad (the so-called BH3-only proteins) [16].
The BH1, BH2 and BH3 domains of the anti-apoptotic family
members, as Bcl-2 and the related Bcl-Xl, form together a hydrophobic
groove responsible for binding the amphipathicα-helical BH3 domain
of the pro-apoptotic family members. The classical view is that, using
this cleft, the anti-apoptotic Bcl-2-family members antagonize
apoptosis at the level of the mitochondria by binding and neutralizing
pro-apoptotic Bax and Bak. The latter two proteins are so prohibited
to induce permeabilization of the OMM, a crucial step in the
progression of apoptosis [16,18].
In addition to their mitochondrial function, anti-apoptotic Bcl-2-
family members also act at the level of the ER, where they prevent
apoptosis well upstream of the OMM permeabilization step. This
function involves effects on the ER Ca2+ homeostasis [111,112], though
the exact mechanism or mechanisms involved are still a matter of
debate: effects were described on the SERCA pumps, responsible for the
loading of the ERCa2+ stores, on calreticulin and the Ca2+ content of the
ER, and on themain Ca2+-release channel, the IP3R [108,113,114]. In the
framework of this review we will here focus on the various effects
described on IP3R and IICR (Fig. 2).Fig. 2. An increased Ca2+ transfer from the ER to the mitochondria stimulates the
progression of apoptosis. Mitochondrial Ca2+ overload supports opening of the
permeability transition pore and consequently permeabilization of the OMM, leading
to the release of multiple apoptogenic factors, including cytochrome C, eventually
leading to the activation of executioner caspases as caspase-3 (Casp3). This further
leads to caspase activation and apoptosis. Interestingly, both cytochrome C and
caspase-3 are part of a positive feed-back mechanism on the IP3R. The widths of the
black arrows are indicative for the strength of the Ca2+ signal, and can be compared
between the various ﬁgures. Color and style of the arrows are as explained in the
caption to Fig. 1.Firstly, the use of a Bax/Bak double-knockout model system
demonstrated that Bcl-2 forms a macromolecular complex with the
IP3Rs. The decreased level of Bax and Bak hereby correlated inversely
with the amount of Bcl-2 bound to the IP3R, the phosphorylation
status of the IP3R and the Ca2+ leak from the ER, leading to the
conclusion that Bcl-2 regulated ER Ca2+-store content by regulating
the phosphorylation status and the activity of the IP3R [115]. The
phosphorylation of IP3R1 was proposed to be due to protein kinase A,
but the role of other kinases could not be dismissed [115]. Bcl-2 can be
involved in the regulation of IP3R phosphorylation as it can act as
scaffold for various phosphatases such as PP1, PP2A and PP2B [76].
Secondly, an allosterical activation of the IP3R was shown. This was
originally demonstrated for Bcl-Xl that was shown to bind to the C-
terminal part of IP3R1 [107]. In fact, Bcl-Xl bound to all three IP3R
isoforms and thereby sensitizes them all three to low IP3 concentra-
tions [107,116]. Although this sensitization in each case conferred a
resistance against apoptosis, a decline in Ca2+-store loading was only
found with respect to IP3R3 [116]. This ﬁnding suggests that the
decline in Ca2+ store level can support apoptosis resistance, but is not
a strict requisite. Furthermore, although the IP3R is needed for the
anti-apoptotic actionmediated by Bcl-Xl, its phosphorylation does not
seem necessary [107]. The anti-apoptotic action may therefore be the
consequence of the increased Ca2+-spiking activity resulting from the
sensitization of the IP3Rs, and either be mediated by increased
mitochondrial bioenergetics or by modulation of transcriptional
activity and gene expression [107,116]. More recently these ﬁndings
were extended to Bcl-2 andMcl-1 that similarly to Bcl-Xl bound to the
C-terminus of each IP3R isoform thereby sensitizing them [109].
Thirdly, an inhibition of the IICR by Bcl-2, without effect on the ER
Ca2+-store content, was also demonstrated [106]. Interestingly, in an
immature T-cell model cell line, Bcl-2 inhibited the pro-apoptotic Ca2+
signal induced by strong T-cell receptor activation, but did not affect the
Ca2+ oscillations induced by weak T-cell receptor activation, leading to
NFAT translocation and pro-survival signaling [117]. An interaction
betweenBcl-2 and the IP3Rwasdemonstrated, but in contrast to thework
discussed above [109], the interaction site was mapped to a central
location in the regulatory domain of IP3R1 [118]. Moreover, the
interaction was mediated through the BH4 domain of Bcl-2 [119], a
domain which is not involved in the interaction with the C-terminus of
the IP3R [109]. A synthetic peptide, corresponding to the Bcl-2-binding
site on IP3R1, was able to speciﬁcally disrupt the interaction and to
counteract the effects of Bcl-2 on IICR [118,119]. The decreased IICR
observed in the presence of Bcl-2 consequently led to a diminished Ca2+
transfer to the mitochondria [120], thereby protecting the mitochondria
against possible Ca2+ overload. It should be added that Mcl-1 had
previously also been shown to inhibit agonist-induced Ca2+ signals in the
mitochondria, though the mechanism of action was not clariﬁed [121].
The effects of Bcl-2 on intracellular Ca2+ dynamics may be
dependent on the phosphorylation state of Bcl-2, which is a target for
several kinases (reviewed in [76]). Bcl-2 phosphorylation by Jun N-
terminal kinases impacts on its effects onERCa2+homeostasis andon its
anti-apoptotic function [122]. However, whether Bcl-2 phosphorylation
modulates its binding to the IP3R and/or regulates IICR is presently not
known. Furthermore, in addition to the above-described effects of the
anti-apoptotic Bcl-2-family members, also the pro-apoptotic family
members appear to modulate ER Ca2+ homeostasis [123]. Taken
together, this indicates that Bcl-2-family members may interact in
differentways, directly and indirectly,with the IP3R inorder tomodulate
IICR and produce their effects. Moreover, preliminary results seem to
indicate that there are differences inmechanisms of interactionwith the
IP3R between various anti-apoptotic Bcl-2-family members [124].
5.2. Cytochrome C
Cytochrome C is a small (13 kDa) protein normally expressed in
the intracristae space, a subcompartment of the intermembrane
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electrons between complex III and IV [125]. Upon permeabilization of
the OMM, cytochrome C is released from the mitochondria into the
cytosol, where it binds to the apoptotic protease-activating factor 1,
forming the apoptosome leading to the activation of caspase-9, which
in turn activates the executioner caspases.
Interestingly, IP3R1 is a substrate for caspase-3 (Fig. 2), one of the
executioner caspases. Cleavage occurs speciﬁcally at amino acid 1892
of IP3R1, i.e. in the distal part of the regulatory domain, leaving the
channel region of the IP3R1 intact in the membrane [101,102]. The
remaining channel domain is not anymore IP3-sensitive (as the N-
terminally located IP3-binding site is removed) but it may still bind
and be regulated by other cytosolic or luminal factors or proteins.
In addition, cytochrome C itself was reported to interact with the
IP3R1 (Fig. 2) and to alleviate the Ca2+-dependent inhibition of IICR
occurring at high cytosolic Ca2+ concentrations [110]. This effect is due
to the interactionof cytochromeCwith aminoacids2621–2636 in theC-
terminal part of IP3R1 [126]. This interaction was not yet conﬁrmed by
other groups, though this may be related to the conformation of the C-
terminal tail of the receptor, whichmay be very sensitive to the ambient
Ca2+ concentration [74] or point to an additional role for other
regulatory proteins, including Bcl-2-familymembers and protein kinase
B,whichhave their interaction site in the last 150 amino acids of the IP3R
[77].
6. The IP3R–mitochondria connection in apoptosis and autophagy
From the previous chapters it is already clear that the amount of
Ca2+ transferred from the IP3-sensitive Ca2+ stores to the mitochon-
drial matrix is crucial for regulating the bioenergetics as well as the
integrity of the mitochondria. The Ca2+ signal can be part of a survival
response or stimulate progression to cell death by apoptosis or
necrosis. It can also participate in the regulation of an autophagic
response aimed at survival of the cell under stressful conditions, but
which, if impossible to reach, entrains the cells to a situation known as
autophagic cell death (reviewed in [127,128]).
6.1. IP3Rs and mitochondrial Ca
2+ in apoptosis and necrosis
As already stated above (see Section 3.2), the mitochondria, and
particularly the release of apoptogenic factors from the intermem-
brane space after permeabilization of the OMM, form a central tenant
in the intrinsic pathway for apoptosis and, at least in certain cells, in
the extrinsic pathway as well [17]. Progression of the cells towards
apoptosis still requires energy, and if the insult towards the mito-
chondria is too severe and energy production is too strongly impeded,
cell death by necrosis will ensue instead. The reverse is also true: if the
insult is small, full recovery can still occur [32,114,127].
Many apoptotic inducers are reported to exploit Ca2+-dependent
pathways to carry out their apoptotic action. These inducers encompass
physiological as well as pharmacological factors and include hormones
as corticosteroids, angiotensin II and testosterone, factors such as tumor
necrosis factor, arachidonic acid, ceramide, NO and H2O2, and
pharmacological agents such as staurosporine, thapsigargin and
cisplatin [108,128]. The cellular outcome of cardiac ischemia–
reperfusion injury and of neuronal excitotoxicity also is determined
by the state of Ca2+ overload of themitochondria [127]. Moreover, the
poliovirus induces cellular apoptosis by stimulating transfer of Ca2+
from the ER to the mitochondria [129].
A very important factor hereby is the magnitude of the Ca2+ signal
received by the mitochondria (Fig. 2). A high Ca2+ load will lead to
opening of the PTP, permeabilization of the OMM and eventually cell
death. In contrast, low-level Ca2+ signaling from ER to mitochondria can
even have a pro-survival action by stimulating the mitochondrial energy
productionorby inducing transcriptionof speciﬁcgenes [79,108,113,127].Since the seminal work of Rizzuto and collaborators [7], it has been
demonstrated in many different cell types that agonist-induced Ca2+
signals propagate to the interior of the mitochondria [130]. This
transmission of Ca2+ from the ER to the mitochondria has been
compared to synaptic transmission, and the amount of Ca2+ taken up
by the mitochondria is critically dependent on the pulse of Ca2+
released by the IP3R [8,131]. To allow an efﬁcient signal transmission
multiple IP3Rs may face a single mitochondrial Ca2+-uptake protein
[8]. Moreover, IP3-induced Ca2+ spikes are ideally suited for the
stimulation of apoptosis [53] and knockdown of the IP3R by siRNA led
to suppression of the Ca2+ transfer to the mitochondria. Also
transforming growth factor β-mediated down-regulation of IP3R1
and IP3R3 in smooth-muscle cells led to a strong inhibition of the Ca2+
transfer to the mitochondria [132]. In contrast, activation of IICR, e.g.
by ER oxidase 1α (Ero1α), increased apoptosis [133]. In agreement
with these data, Ero1α is almost exclusively located at the MAMs
under oxidizing and normoxic conditions [134].
Ca2+ transfer to the mitochondria is however not limited to the
action of IP3Rs as e.g. in cardiac cells RyRs can also transmit efﬁciently
Ca2+ to the mitochondria [135]. A structural interaction between the
SR and the mitochondria is hereby also probably involved [136].
From the previous, it is clear that Ca2+ transfer between ER and
mitochondria is very important for the cell physiology and the
development of apoptosis. Mitochondrial Ca2+ is therefore a central
player in multiple neurodegenerative diseases as Alzheimer's disease,
Parkinson's disease and Huntington's disease [137]. Interestingly, very
recent data indicate a speciﬁc role for presenilins in the regulation of
the Ca2+ transfer to themitochondria [138]. It is too early to speculate
on what it may mean for the development of Alzheimer's disease or
for its therapy, but suggests interesting avenues for the future.
Modulation of the progression of cell death may therapeutically be
also very important for the inhibition of tumor growth. Speciﬁc
stimulation of the Ca2+ transfer between the IP3R and mitochondria
could lead to increased cell death and so form a supplementary
pathway to combat cancer [139].6.2. IP3Rs and mitochondrial Ca
2+ in autophagy
Autophagy is a conserved delivery pathway to the lysosomes and
used for the degradation of long-lived proteins and other macro-
molecules, protein aggregates, damaged organelles and even foreign
pathogens. In stress situations (e.g. nutrient starvation) this process
offers the cell a fresh pool of building blocks and has thus a pro-
survival function [140]. Although seemingly a cellular process
opposite to cell death, prolonged stimulation of autophagy can lead
to what is called autophagic cell death. Autophagic cell death should
however rather be regarded as cell death with autophagy, instead of
cell death by autophagy [141]. In this respect, the autophagic features
found in the dying cells are indicative of the cellular attempts to
survive during prolonged stress conditions. Cells have to make the
decision whether to try to survive (autophagy) or to kill themselves
(apoptosis). It is therefore no surprise that important cross-talks exist
between these two pathways [142,143].
One of these cross-talksmay implicate IP3Rs and/or Ca2+ signaling.
In contrast to the role of Ca2+ in apoptosis which is already quite well
studied (see Section 6.1), the role of Ca2+ in autophagy only recently
started to emerge [127,128,144]. The ﬁrst results appeared contra-
dictory. On the one hand autophagy was activated by an increase of
the cytosolic Ca2+ concentration due to thapsigargin or ionophore
treatment or to stimulation by agonists [145,146]. On the other hand
autophagy was as well activated by a reduction of the IP3 levels [147],
inhibition of the plasma-membrane L-type Ca2+ channels [148] or of
the IP3Rs [149,150], conditions that all would lead to a decrease of the
cytosolic Ca2+ concentration, and therefore potentially of the
mitochondrial Ca2+ concentration.
1010 J.-P. Decuypere et al. / Biochimica et Biophysica Acta 1813 (2011) 1003–1013Recent work by the group of Foskett explains already part of those
data [151]. In this report it was shown that basal IP3R activity is
necessary to provide for a physiological Ca2+ signal sensed by the
mitochondria, thereby controlling mitochondrial bioenergetics (see
also Section 3.1). IP3R knockdown or inhibition will blunt these Ca2+
signals, thereby compromising mitochondrial function and lowering
ATP production. The resulting increase in AMP/ATP ratio will
subsequently activate autophagy via AMP-activated protein kinase
(AMPK) (Fig. 3). Hence, the cells need low, but constant, levels of IP3
and Ca2+ for maintaining basal IP3R activity and stimulation of the
mitochondrial bioenergetics [151]. This can explain why reducing IP3
levels [147] or inhibition of L-type Ca2+ channels [148] also lead to
autophagy. Interestingly, the latter study showed that autophagy
induced in this way can provoke an increased clearance of mutant
huntingtin aggregates [148], highlighting the importance of autop-
hagy in proper neuronal function.
Other work suggests that IP3Rs could inhibit autophagy through a
scaffold function, via binding of both Bcl-2 and Beclin-1 (an essential
autophagy protein), keeping them in each others close proximity, and
thereby promoting the anti-autophagic interaction between these
two proteins [152]. Inhibition of IP3Rs by xestospongin B in HeLa cells
promoted the release of Beclin-1 from the IP3R–Bcl-2 complex,
leading to autophagy activation. Although this experiment could not
be reproduced in HEK293 cells [151], it implies that this tripartite
interaction between Bcl-2, Beclin-1 and the IP3R could be of great
importance for the apoptosis–autophagy crosstalk.
Interestingly, as for apoptosis, phosphorylation can play an
important role in autophagy, since during autophagy, c-Jun kinase
and Death-associated protein kinase can respectively phosphorylateFig. 3. A decreased Ca2+ transfer from the ER to the mitochondria stimulates the
induction of autophagy. In conditions where Ca2+ transfer from the ER to the
mitochondria is strongly impaired, ATP production becomes too small, and subse-
quently the cytosolic AMP/ATP ratio increases, leading to activation of AMP-activated
protein kinase (AMPK) and autophagy. The widths of the black arrows are indicative for
the strength of the Ca2+ signal, and can be compared between the various ﬁgures. Color
and style of the arrows are as explained in the caption to Fig. 1.Bcl-2 [153] and Beclin-1 [154], leading to their dissociation. Whether
these phosphorylations could also affect their interaction with the
IP3R remains an open question.
So far the data on the Ca2+-stimulated autophagy mainly concern
the Ca2+ in the cytosol [145,146] or in the ER/SR [155,156]. Whether
or not the IP3R could be involved herein is still under investigation.
Interestingly ER-, but not mitochondria-, targeted Bcl-2 was able to
inhibit the activation of autophagy by increased cytosolic Ca2+
concentration [145], which would be compatible with a scaffolding
role of the IP3R. The exact mechanism by which Ca2+ promotes
autophagy is still under debate; both signaling via calmodulin kinase
kinase-β and AMPK, followed by the inhibition of mTOR [145], or
through an AMPK-independent pathway [146] remains possible.
Whether or not mitochondria and MAMs contribute to the Ca2+-
dependent activation of autophagy is still unknown. Indirectly,
mitochondrial Ca2+ overload could promote autophagy as a result
of damage to the mitochondria, which results in the autophagic
clearance of these organelles, the so-called mitophagy. Whether
mitochondria actively contribute to the activation of autophagy via its
Ca2+ handling remains to be solved, but the close interaction between
IP3Rs and mitochondria on the one hand and between IP3Rs and
autophagy proteins on the other hand, led to the hypothesis that IP3Rs
could therefore structurally participate in the induction of mitophagy
[144]. In addition, it has recently been shown that the OMM
participates in autophagosome formation in starved cells [157]. This
participation depends on the ER–mitochondrial interactions, as
disrupting these interactions led to a decrease in autophagy.
In summary, these data suggest that a speciﬁc, low-intensity, Ca2+
signal from ER to mitochondria is necessary to inhibit autophagy. In
addition, an increase of the cytosolic Ca2+ concentration would
activate autophagy. The study of the relation between IP3Rs, Ca2+ and
the autophagic processes may become very important, since autop-
hagy can protect the organism against various pathologies, including
cancer and neurodegenerative diseases [144,158,159].
7. Conclusions
In conclusion, this review clearly demonstrates that the interaction
between the IP3-sensitive Ca2+ stores of the ER and the mitochondria,
and therefore the efﬁciency of Ca2+ transfer between both, is of prime
importance in the determination of cell fate. Several proteins are
directly or indirectly involved in the regulation of this process, but it
appears that the structural links existing between IP3-sensitive Ca2+
stores and the mitochondria are crucial for proper mitochondrial
function. The understanding of these links at the molecular level and
the possibility to modulate them may in the future therefore be of
great importance e.g. in the treatment of cancer and neurodegener-
ative diseases.
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